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The benzoyl radical 1 was synthesized in argon matrices by
the thermal reaction of the phenyl radical 2 with CO. The IR
spectrum with the C=O str. vibration at 1824.4 cm–1 is in good
agreement with DFT calculations. The formation of 1 is re-
versible and UV irradiation results in the cleavage back to 2

Introduction

The benzoyl radical 1 is an important reactive intermedi-
ate that plays a role in the combustion of aromatic hydro-
carbons and as an initiator in polymerization reactions.[1,2]

Aryl ketones are frequently used as photoinitiators in free
radical polymerizations.[3,4] Upon irradiation these ketones
undergo Norrish type I cleavage to produce aromatic acyl
radicals with high efficiency.[5–7]

The benzoyl radical 1 has also been proposed to be an
intermediate in the combustion of aromatic hydrocarbons.
The combustion of aromatic hydrocarbons leads to the for-
mation of the phenyl radical 2 and CO which form an equi-
librium with 1. The thermochemistry and kinetics of the
unimolecular decomposition of 1 to give 2 and CO has been
studied by Solly and Benson.[8] At room temperature the
reaction enthalpy for the addition reaction was determined
to ∆H298 = –27.5 kcal/mol with an activation barrier of
2.3 kcal/mol.

Xia and Lin reported precise kinetic data and a reaction
enthalpy of –24.6�0.8 kcal/mol using cavity ring-down
spectroscopy for this reaction.[9,10] According to MP2 cal-
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and CO. The benzoyl radical 1 can react with molecular oxy-
gen in the matrix to produce the benzoylperoxy radical 3.
Radical 3 was also characterized by IR spectroscopy in com-
bination with DFT calculations.

culations the activation barrier for the reaction of 1 with
CO is 3.33 kcal/mol while B3LYP predicts a very small acti-
vation barrier of only 0.73 kcal/mol.[10]

The benzoyl radical 1 is highly reactive, and to character-
ize this radical spectroscopically either low temperature
spectroscopy or time resolved spectroscopy (laser flash pho-
tolysis LFP) is necessary. Radical 1 was generated in the
solid state at 77 K and characterized by EPR spec-
troscopy.[11,12] The EPR spectrum could also be obtained
by time resolved EPR spectroscopy in solution.[5] The con-
clusion of the EPR studies is that the electronic structure
of 1 is described best as a σ-radical with an sp2 hybridized
radical center. A very weak and broad absorption maxi-
mum at 650 nm was assigned to the benzoyl radical in an
MTHF glass at 77 K.[13]

The benzoyl radical 1 has also been generated as a tran-
sient species in solution at room temperature and investi-
gated by time resolved spectroscopy.[5,6,14–18] Since its ab-
sorptions in the UV/Vis region of the spectrum are only
weak, time resolved IR spectroscopy has proven to be par-
ticularly useful to detect 1.[5,6,16,18] The C=O str. vibration
of 1 was observed at 1828 cm–1 in n-hexane,[12,16,18,19] at
1824 cm–1 in CCl4,[5] and at 1818 cm–1 in acetonitrile.[6] The
lifetime of 1 in solution is in the order of miroseconds, de-
pending on the solvent and the presence of trapping rea-
gents. The reactivity of 1 towards various trapping reagents
is similar to that of simple alkyl radicals. If the solution in
which 1 is formed contains O2, the benzoylperoxy radical 3
is rapidly formed with a C=O str. vibration between 1820
and 1814 cm–1, depending on the solvent.[5,14]

Here, we report the synthesis and IR spectroscopic char-
acterization of the benzoyl radical 1 in an argon matrix.
This allows to record the complete mid IR spectrum of 1,
which has so far been unknown. The thermal reaction of 1
with molecular oxygen and the photochemistry of the inter-
mediates is also reported.
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Results and Discussion

The Benzoyl Radical

The phenyl radical 2 (Scheme 1) can be easily generated
under the conditions of matrix isolation from a variety of
thermal and photochemical precursors.[20–24] To investigate
bimolecular reactions of matrix isolated 2 it proved to be
advantageous to generate it via flash vacuum pyrolysis
(FVP) followed by trapping in an inert matrix rather than
by photolysis of a matrix-isolated precursor. In the latter
case radical pairs are formed in the same matrix cage, and
annealing of the matrix results predominantly in recombi-
nation of these radical pairs rather than in reactions with
other small molecules trapped in the matrix. In our hands
the FVP of azobenzene 4 with subsequent trapping of the

Scheme 1. Reactions of the phenyl radical 2.

Table 1. IR spectroscopic data of two isotopomers of the benzoyl radical 1.

C6H5CO (1) C6D5CO (d5-1) Assignment

Mode[a] Argon[b] DFT[c] Argon[b] DFT[c] Sym.

28 1824.4 (100) 1886.2 (100) 1815.8 (100) 1885.9 (100) A� C=O str.
27 1594.8 (2) 1635.0 (6) 1556.8 (6) 1597.3 (6) A� C=C str.
26 1581.0 (9) 1619.0 (4) 1550.0 (8) 1579.3 (5) A� C=C str.
25 – 1518.8 (0) 1356.3 (�1) 1386.4 (1) A� C–H def.(in plane)
24 1450.3 (4) 1484.0 (5) 1327.1 (7) 1357.7 (3) A� C–H def.(in plane)
23 1307.8 (�1) 1354.6 (2) – 1061.5 (0) A� C–H def.(in plane)
22 1288.0 (1) 1333.8 (2) 1297.0 (3) 1328.9 (3) A� C–H def./C–C str (ring)
21 – 1203.4 (0) 866.6 (�1) 884.1 (0) A� C–H def.(in plane)
20 – 1187.6 (0) 845.5 (2) 862.5 (1) A� C–H def.(in plane)
19 1136.2 (21) 1163.5 (21) 1100.1 (32) 1124.3 (13) A� C–H def./C–C str.
18 1070.4 (3) 1102.0 (2) 817.2 (≈ 1) 834.4 (1) A� C–H def.(in plane)
17 – 1048.6 (1) 831.5 (13) 850.8 (6) A� C–H def.(in plane)
16 – 1026.8 (0) – 861.6 (0) A�� C–H def.(out-of-plane)
15 – 1022.2. (0) 959.6 (5) 978.8 (0) A� ring str.
14 – 1007.0 (0) – 820.8 (0) A�� C–H def.(out-of-plane)
13 935.8 (2) 965.8 (1) 765.1 (3) 791.4 (1) A�� C–H def.(out-of-plane)
12 – 872.4 (0) – 678.0 (0) A�� C–H def.(out-of-plane)
11 789.7 (11) 807.6 (5) 749.3 (6) 762.2 (3) A� C–O str./ ring str.
10 755.9 (12) 774.8 (18) 545.5 (27) 557.7 (11) A�� C–H def.(out-of-plane)
9 687.8 (10) 709.3 (10) 624.9 (2) 643.5 (2) A�� C–H def.(out-of-plane)
8 624.7 (16) 637.7 (4) 603.7 (15) 618.9 (5) A� CCO def./ring str.
7 610.4 (10) 625.9 (3) 587.0 (5) 602.0 (1) A� CCO def./ring str.
6 – 471.3 (1) – 418.1 (2) A�� C–H def.(out-of-plane)
5 – 442.2 (0) – 431.2 (0) A� CCC def.
4 – 418.7 (0) – 363.5 (0) A�� C–H def.(out-of-plane)

[a] Mode numbers based on the C6H5
12C16O isotopomer. [b] Argon matrix at 10 K. Wavenumbers in cm–1 and relative intensities in

parenthesis. [c] Calculated at the UB3LYP/cc-pVTZ level of theory.
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pyrolysis products in a large excess of argon at 15 K pro-
duced good yields of matrix-isolated 2.[23,24] In addition to
2 the matrix contains benzene (formed from 2 via hydrogen
abstraction), acetylene (from the thermal decomposition of
2) and unreacted starting material 4. If an argon matrix
containing 2 is doped with small amounts of oxygen (0.5–
2 %) radical 2 is easily trapped to give the phenylperoxy
radical 5.[24] This bimolecular reaction is induced by warm-
ing the matrix from 10 K to approximately 30 K, where the
ridgid argon matrix is getting soft and diffusion of small
trapped molecules becomes rapid. We therefore used similar
conditions for the trapping experiments of 2 with CO.

Trapping of the products of the pyrolysis of 4 in argon
doped with 2% CO at 10 K resulted in the formation of a
new product with a strong IR band at 1824.4 cm–1 that was
not present in the absence of CO. If the matrix was an-
nealed at 30–35 K, all IR bands assigned to the new prod-
uct (Figure 1, Table 1) increased in intensity while that of
the phenyl radical 2 decreased. This indicates that the new
compound is formed by a bimolecular reaction between 2
and CO with a very low or absent activation barrier. It is
tempting to assign the new IR band at 1824.4 cm–1 to the
C=O str. vibration of the benzoyl radical 1. This is con-
firmed by comparison with the transient IR spectrum of
1 obtained by time resolved IR spectroscopy.[5] The C=O
stretching vibration of 1 in argon at 1824.4 cm–1 very nicely
matches the corresponding absorption in CCl4 at
1824 cm–1. The assignment of the IR spectrum of 1 was
further confirmed by comparison of the spectrum in solid
argon with calculations at the UB3LYP/cc-pVTZ level of
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theory, which nicely reproduce the experimental spectrum
(Table 1). If d5-2 is used the corresponding d5-1 is formed
with the expected IR spectrum (Figure S1).

Figure 1. IR spectra showing the annealing of an argon matrix
doped with 1% CO containing phenyl radical 2. The band at 1824.4
assigned to 1 is growing in intensity during warming the matrix.
(a) Matrix at 10 K (b) The same matrix after annealing at 25 K for
10 min, (c) after annealing at 30 K for 10 min, and (d) after anneal-
ing at 35 K for 10 min.

According to DFT calculation the reaction 2 + CO � 1
is exothermic by 24.58 kcal/mol with a barrier of 0.7 kcal/
mol at the B3LYP and 3.3 kcal/mol at the MP2 level of
theory.[10] The reaction between 2 and CO in solid argon is
rapid at temperatures above 30 K where the diffusion of
small molecules in argon becomes possible. From that we
conclude that the thermal barrier for this reaction must be
very small or absent, in agreement with the theoretical pre-
dictions.

Figure 2. Difference IR spectra showing the photochemistry (λ � 350 nm) of 1, matrix-isolated in argon at 10 K. Bands pointing down-
wards are disappearing during irradiation and assigned to 1. Bands pointing upwards are appearing and assigned to 2. (a) IR spectrum
of 1 calculated at the UB3LYP/cc-pVTZ level of theory. (b) Difference IR spectrum after 30 min irradiation. (c) IR spectrum of 2
calculated at the UB3LYP/cc-pVTZ level of theory.
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The formation of 1 from 2 and CO is photochemically
reversible. Irradiation of matrix-isolated 1 at 10 K with UV
light (λ � 260 nm) leads back to 2 and CO (Figure 2). Sub-
sequent annealing at 35 K again results in the formation of
1.

The Benzoylperoxy Radical

In solution, the benzoyl radical 1 can be trapped by mo-
lecular oxygen to produce the benzoylperoxy radical 3.[5]

Under the conditions of matrix isolation the formation of
3 requires that the phenyl radical 2 first reacts with CO to
give 1, which in a second thermal step reacts with O2 to
give 3. Both thermal steps depend on the diffusion of CO
and O2, respectively, in the solid matrix. Since 2 is also
highly reactive towards oxygen, mixtures of 3 and the phen-
ylperoxy radical 5 are expected to be formed if mixtures of
CO and O2 are used as trapping reagents in argon. To in-
crease the yield of 3 we therefore used an excess of CO with
respect to O2 in the experiments.

If an argon matrix containing 2 doped with ca. 0.5 % O2

and 2% CO is slowly warmed from 10 K to 35 K the forma-
tion of 1 as the primary product and 5 as a minor product
can be monitored by IR spectroscopy. However, 1 is also
trapped by O2 and during continuous warming of the ma-
trix all IR bands assigned to 1 decrease in intensity and a
new product with a prominent C=O str. vibration at
1820.9 cm–1 is formed. If 18O2 is used in the experiment this
band is almost not effected, indicating that the oxygen atom
of the C=O bond comes from CO and not from O2

(Figure 3, Table 2). Large 18O isotopic shifts are found
for a band at 1107.0 cm–1 (–68.1 cm–1) and 768.2 cm–1

(–21.6 cm–1) which are thus assigned to O–O and a C–O
stretching vibrations, respectively. For the transient benzo-
ylperoxy radical 3 in CCl4 a C=O stretching vibration of
1820 cm–1 was reported,[5] in excellent agreement with the
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band found in the CO/O2 trapping experiment. We there-
fore assign the new compound formed only in the presence
of both CO and O2 to radical 3 (Figure 4).

Figure 3. IR spectra showing the annealing of an argon matrix
doped with 2% CO and 0.5% O2 containing phenyl radical 2. The
matrix was slowly (approximately 1 K/min) warmed from 10 K (t
= 0 min) to 40 K (t = 30 min). The band at 1824 cm–1 is assigned
to benzoyl radical 1 and the band at 1820.9 cm–1 to benzoylperoxy
radical 3.

The band positions, relative intensities, and isotopic
shifts of 3 (18O and d5 isotopomers) are in good agreement
with predictions from DFT calculations at the UB3LYP/cc-

Table 2. IR spectroscopic data of four isotopomers of the benzoylperoxy radical 3.

Mode[a] C6H5CO16O16O (3) C6H5CO18O18O (3) C6D5CO16O16O (3) C6D5CO18O18O (3) Assignment

34 1820.9 (100) 1868.2 (100) 1820.6 (100) 1867.9 (100) 1821.1 (100) 1867.8 (100) 1821.3 (100) 1867.6 (100) C=O str.
33 1603.0 (10) 1643.1 (12) 1601.7 (13) 1643.1 (12) 1567.1 (22) 1605.1 (15) 1567.2 (48) 1605.1 (15) C=C str.
32 – 1622.0 (1) – 1622.0 (1) – 1583.4 (1) – 1583.4 (1) C=C str.
31 – 1529.1 (0) – 1529.1 (0) 1378.3 (10) 1404.8 (8) 1377.8 (20) 1404.6 (8) C–H def.
30 1455.8 (�1) 1487.6 (6) 1455.2 (�1) 1487.6 (6) 1333.4 (5) 1364.0 (5) 1333.3 (12) 1363.9 (5) C–H def.
29 – 1362.0 (2) 1322.7 (�1) 1362.0 (2) 1042.7 (3) 1066.3 (2) 1042.9 (4) 1064.8 (4) C–H def.
28 – 1341.2 (1) 1309.8 (�1) 1340.9 (1) 1300.2 (4) 1336.6 (2) 1299.8 (8) 1336.5 (2) C–H def./C–C str
27 1228.4 (38) 1247.8 (53) 1225.8 (63) 1246.6 (57) 1174.7 (49) 1195.6 (41) 1174.4 (54) 1192.8 (41) C–C str./ C–H def.
26 1183.8 (8) 1206.6 (13) 1183.1 (10) 1206.6 (14) 866.8 (9) 883.4 (5) 866.7 (22) 883.3 (5) C–H def.
25 – 1189.9 (0) – 1189.9 (0) 846.2 (1) 862.7 (1) 846.6 (6) 862.6 (1) C–H def.
24 1107.0 (7) 1155.2 (19) 1038.9 (8) 1090.6 (12) 1106.3 (12) 1154.0 (29) 1033.4 (18) 1092.2 (12) O–O str.
23 – 1112.6 (1) – 1112.7 (1) 824.3 (4) 842.3 (1) 824.3 (10) 842.2 (2) C–H def.
22 – 1053.0 (0) – 1052.9 (0) – 839.2 (3) 813.7 (5) 838.7 (3) C–H def.
21 – 1028.5 (0) – 1028.5 (0) – 867.6 (0) – 867.6 (0) C–H wag.
20 1002.3 (3) 1022.2 (1) 1002.3 (3) 1022.2 (1) 959.8 (7) 978.6 (1) 959.7 (14) 978.5 (1) C–C str. (ring)
19 – 1008.9 (0) – 1008.9 (0) – 822.7 (0) – 822.7 (0) C–H wag.
18 – 973.0 (1) 950.3 (�1) 973.0 (1) – 815.3 (0) – 815.2 (0) C–H wag.
17 935.8 (65) 948.7 (57) 934.4 (67) 946.6 (58) 927.2 (60) 941.2 (49) 926.0 (98) 939.3 (49) C–O str.
16 – 870.9 (0) – 870.9 (0) – 677.2 (0) – 677.2 (0) C–H wag.
15 783.6 (5) 807.5 (4) 788.5 (2) 807.3 (4) 701.7 (3) 719.6 (2) 701.6 (4) 719.0 (2) C–H wag.
14 768.2 (10) 772.7 (28) 746.6 (10) 748.9 (28) 762.8 (9) 768.0 (26) 740.7 (12) 742.7 (24) C–O str.
13 692.5 (27) 710.5 (25) 692.3 (20) 710.4 (24) 536.4 (14) 548.0 (16) 536.4 (32) 547.9 (16) C–H wag.
12 678.6 (11) 694.7 (5) 678.6 (5) 690.0 (3) 651.8 (10) 666.8 (5) 648.9 (10) 663.9 (4) ring skel.
11 668.5 (8) 687.2 (7) 668.2 (7) 686.4 (7) 604.0 (2) 620.6 (3) 604.4 (6) 620.2 (3) ring out of plane
10 – 631.7 (1) – 631.6 (1) 590.9 (�1) 605.5 (0) 591.2 (2) 605.5 (0) ring skel.
9 – 462.2 (1) – 456.2 (1) – 452.0 (1) – 446.1 (1) C–C–O def.
8 – 443.2 (0) – 442.8 (0) – 398.8 (0) – 398.5 (0) ring out of plane

[a] Mode numbers based on the C6H5
12C16O16O16O isotopomer.
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pVTZ level of theory (Figures S4 and S5, Table 2). These
experiments clearly show that the thermal reaction of 2 with
CO can compete with the reaction with O2 and that
the benzoyl radical 1 rapidly reacts with molecular oxygen.
DFT calculations do not indicate an activation barrier for
the oxygen trapping of 1 (Figure S2).

Two rotamers 3a and 3b are possibly formed in the ex-
periments. According to UB3LYP/cc-pVTZ calculations the
s-Z conformer 3a is by 3.47 kcal/mol (ZPE = 3.31 kcal/mol)
more stable than the s-E conformer 3b. The activation bar-
rier for the 3a �3b isomerization is calculated to 5.03 kcal/
mol (Figure S3). The calculated IR spectrum of 3a is in
good agreement with the experimental spectrum of 3a, and
there is no evidence for the formation of the less stable con-
former 3b.

UV irradiation (λ � 260 nm) of 3 at 10 K results in the
disappearance of all bands assigned to 3 and formation of
CO2 and several other new bands, in particular several
strong and broad absorptions in the range between 2140
and 2120 cm–1. If 18O2/16O2 mixtures are used in the experi-
ment new bands around 2089 cm–1 appear, which clearly
indicates that one or several ketenes are formed. In ad-
dition, the three isotopomers C16O2, C18O16O, and C18O2

are found (Figure S6). We assume that the photolysis of 3
results in ring-opening and formation of ketenes. However,
due to the low intensity of other IR bands of the ketenes
(presumably several isomers or conformers are formed) a
definitive assignment was not possible.
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Figure 4. Difference IR spectra showing the photochemistry (λ � 260 nm) of 3, matrix-isolated in argon at 10 K. Bands pointing down-
wards are disappearing during irradiation and assigned to 3. (a) IR spectrum of 3 calculated at the UB3LYP/cc-pVTZ level of theory.
(b) Difference IR spectrum after 60 min irradiation.

Conclusions

The phenyl radical is a highly reactive species that even
under the conditions of matrix isolation rapidly reacts with
CO and O2 as long as diffusion of these small molecules in
the solid matrix is possible. With CO the benzoyl radical
1 is formed which could be isolated and spectroscopically
characterized. Interestingly, conditions could be found were
mixtures of CO and O2 in the same matrix produce good
yields of the benzoylperoxy radical 3 by subsequent reac-
tions of the phenyl radical 2 with CO and O2. Obviously,
the reaction of 2 with CO can compete with the reaction
with O2. This is in line with DFT and ab initio calculations
which predict very shallow or absent activation barriers for
both reactions. The formation of the radicals 1 and 5 in
argon matrices depends on the statistical distribution and
rates of diffusion of CO and O2. An excess of CO compared
to O2 thus results in the preferential formation of 1 which
subsequently reacts with O2 to 3.

Experimental Section
Azobenzene and [D10]Azobenzene: Azobenzene 4 (Acros Organics
99.8 %) was used without further purification. The perdeuterated
azobenzene d10-4 was synthesized according to a literature pro-
cedure.[25] 13C NMR (50.33 MHz, CDCI3, 25 °C, TMS): δC =
152.99, 78.06, 77.43, 76.79. MS (RI, 70 eV): m/z, % 192 [M+], 110,
82, 54, 45.

Matrix Isolation: Matrix isolation experiments were performed by
standard techniques[26] using a closed cycle helium cryostat and a
CsI spectroscopic window cooled to 10 K. FTIR spectra were re-
corded with a standard resolution of 0.5 cm–1, using a N2(l)-cooled
MCT detector in the range 400–4000 cm–1. UV spectra were re-
corded between 800 and 200 nm with a standard resolution of
0.02 nm (Varian UV/Vis NIR spectrophotometer) from a sample
deposited on a sapphire window cooled to 10 K by a closed-cycle
cryostat. Flash vacuum pyrolysis was carried out by slowly sublim-
ing azobenzene 4 through a 7 cm quartz tube heated electrically
with a tantalum wire. Broadband irradiation was carried out with
mercury high-pressure arc lamps in housings equipped with quartz

www.eurjoc.org © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2010, 2904–29092908

optics and dichroic mirrors in combination with cutoff filters (50%
transmission at the wavelength specified).

Computational Methods: Optimized geometries and vibrational fre-
quencies of all species were calculated at the UB3LYP[27–29] level
of theory using the 6-311+G(d,p) polarized valence-triple-ξ basis
set[30,31] and Dunning’s cc-pVTZ basis sets.[32–34] All DFT calcula-
tions were carried out with Gaussian 03.[35]
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